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ABSTRACT
￿
The ultrastructure of gap and tight junctions and the cell-to-cell transfer of small
molecules were studied in primary cultures and freshly isolated sheets of endothelial cells from
calf aortae and umbilical veins. In thin sections and in freeze-fracture replicas, the gap and
tight junctions in the freshly isolated cells from both sourcesappeared similar to those found
in the intimal endothelium. Most of the interfaces in replicas had complex arrays of multiple
gap junctions either intercalated within tight junction networks or interconnected by linear
particle strands. The particle density in the center of most gap junctions was noticeably
reduced. In confluent monolayers, after 3-5 days in culture, gap and tight junctions were
present, although reduced in complexity and apparent extent. Despite the relative simplicity of
the junctions, the cell-to-cell transfer of potential changes, dye (Lucifer Yellow CH), and
nucleotides was readily detectable in cultures of both endothelial cell types. The extent and
rapidity of dye transfer in culture was only slightly less than that in sheets of freshly isolated
cells, perhaps reflecting a reduced gap junctional area combined with an increase in cell size
in vitro.
Endothelial cell cultures have become a popular model for
investigations into the physiology and pathophysiology of the
vascular intima (9, 24). Many of the in vitro characteristics of
endothelial cells, e.g. contact inhibition, monolayer growth,
Factor VIII antigen, micropinocytosis, and hormone receptors
are retained in short- or long-term primary culture and, in
some cases, even after multiple passages (5, 6, 7, 9, 11, 16, 24,
39). Rather little attention, however, has been given to the
ability of these cells to maintain and form gap and tight
junctions in vitro, even though these junctions are often espe-
cially prominent in vivo and occur in quite characteristic
patterns in various regions of the vascular tree (14, 15, 38, 44,
45,50).
Although variations in tightjunction structure or distribution
may indicate differences in the control ofvascular permeability
in vivo, such variations are unlikely to be important for most
studies on endothelial functions in vitro (unless endothelial
tightjunctions contribute to junctional coupling [43]). Because
gap junctions, however, presumably allow the intercellular
transfer of small molecules (2, 8, 18, 25), differences in gap
junctional size and distribution might affect any process de-
pendent on small molecular transfer, either in vivo or in vitro.
For example, it has been suggested that junctional transfer
THE JOURNAL OF CELL BIOLOGY " VOLUME 92 JANUARY 1982 183-191
© The Rockefeller University Press " 0021-9525/82/01/0183/09 $1.00
plays some role in the regulation of cell proliferation (22). If
so, the suitability of endothelial cultures for studying cell
proliferation would rely on maintaining structurally and func-
tionally intact gap junctions in vitro.
We have investigated the ultrastructure and distribution of
endothelial gap and tightjunctions, by thin-section and freeze-
fracture electron microscopy, in intact calfaortae and umbilical
veins, in sheets offreshly isolated cells and in confluent primary
cultures. In addition, we have tested for the functional corre-
lates of gap junctions, the movement of ions and small mole-
cules from cell to cell, by electrophysiological, dye transfer,
and nucleotide transfer methods in confluent primary endothe-
lial cultures. For comparison we have investigated dye and
nucleotide transfer in freshly isolated sheets of cells. A brief
report of this work has appeared elsewhere (20).
MATERIALS AND METHODS
Isolation and Culture of Cells
Fetal bovine umbilical cord veins (near term) and young calfaortae (thoracic
to upper abdominal) were collected within 15 min ofdeath and transported to
the laboratory in cold, sterile, phosphate-buffered saline (PBS: NaCl, 136.8 mM;
KC1, 2.7 mM; CaCI,/2H20, 0.7 mM; MgC12/6H20, 0.5 mM; KH2P0,, 1.5 MM;
Na2HPO,/7H20, 7.9 mM; pH 7.4). Sheets and clumps of endothelial cells
183(effluent cells) were released from the intima by collagenase treatment (0 .5 mg/
ml, Sigma Chemical Co . [St. Louis, Mo .], Type IV, 30 min at 37°C in PBS) and
agitation according to methods modified from Macarak et al. (23) and Booyse et
al . (4) . The endothelial cells were grown in 60-mm culture dishes containing
Medium 199 (Gibco Laboratories, Grand Island Biological Co., Grand Island,
N.Y .) with 30% heat-inactivated calf serum (Gibco Laboratories), 4 MM L-
glutamine,4U/mlpenicillin - 5,ug/ml streptomycin (Giboo Laboratories), 2 rig/
ml amphotericin B (Fungizone/Squibb and Sons, Inc., Princeton, N. J.), and 50
pg/ml gentamycin (Schering Corp., Kenilworth, N. J.) at 37°C in a humidified
atmosphere of 95% air/5% C02. Identification ofthe endothelial cells was based
primarily on morphological characteristics. In addition, some ofthecultures were
grown on glass cover slips and the identity oftheendothelial cells was confirmed
using indirect immunofluorescence staining (data not shown) for Factor-VIII-
associated protein (Calbiochem-Behring Corp ., La Jolla, Calif ; 16).
Vascular smooth muscle cells (SMC) from bovine umbilical vein were isolated
by explant outgrowth methods modified from Ross (36) including a 30-min
pretreatment of the explants with 1 mg/ml collagenase in PBS at 37°C . The
culture conditions of SMC were the same as above, except that 10% heat-
inactivated fetal calf serum (Gibco Laboratories) was used instead of the calf
serum .SMCgrew in typical "hill-and-valley" patterns (10) .
Electron Microscopy
Ultrastructural observations were made on intact vessel segments, freshly
isolated sheets, and confluent primary cultures (3-5 d after plating). For thin-
section microscopy, small pieces of freshly obtained vessels, pellets of effluent
cells, and dishes ofcultured cells were fixed for30 min in 2.5% glutaraldehyde in
PBS, postfixed in osmium tetroxide, stained en bloc with tannic acid and uranyl
acetate (19,44), dehydrated in ethanol andembedded in Epon-Araldite. Sections
were stained with uranyl acetate and lead citrate and examined in a Phillips 201
electron microscope operated at 60 kV .
Forfreeze-fracture, intact vessel pieces, effluent cells, and cultures were fixed
in 2.5% glutaraldehyde in PBS as described above and then stored at 4°C for 1-
6 d (the length of time in storage had no effect on junctional structure). After
fixation, the pellets and cultures were washed with cold PBS and treated with
30% glycerol in PBS at 4°C for 2 h . Some of the cultures were gently scraped
from the dishes with a rubber policemanand pelleted . The small pieces ofintact
vessel and the pellets ofeffluent and cultured cells were frozen in liquid Freon,
fractured, and replicated by standard techniques in either a Balzers 301 (with a
knife) or Balzers 360M (with a double-replica device) . Other cultures were
loosened from the dishes by less vigorous scraping with the rubber policeman .
The resulting large sheets of cells, along with a small amount of 30% glycerol,
were placed betweentwo flat-top specimen holders, frozen in liquid Freon, and
fractured using the double-replica device. This technique for fracturing the
cultured cells gave substantially larger membrane faces and requred less initial
material. In all cases, fracturing was carried out at -105°C with no etching . The
replicas wereexaminedineitheran AEI 801 microscopeor Philips 201 microscope
operated at 60 kV .
Junctional Transfer
ELECTROTONIC TRANSFER : Three-tofrve-day-oldconfluentprtmarycul-
tures of endothelial cells were tested electrophysiologically (18, 46) for their
ability to transfer small ions . Experiments were carried out at room temperature
(20°C) and atmosphere in standardgrowth medium and werevisually monitored
by inverted phase microscopy. Current-passing and voltage-recording electrodes
were glass micropipets (Omega Dot/F . Haer) filled with 3 M KCI/0.1M K-
acetate and connected to the amplifier circuit (M4A; W-P Instruments, New
Haven, Conn.) by Ag/AgCI wires . The microelectrodes had tip resistances of5-
8 x 10' ohms, in medium, against the Ag/AgCI bath electrode . Current was
injected in 1-5 x 10 -e A rectangular hyperpolarizing pulses of 100-300 ms
duration . Oscilloscope tracings were recorded on linagraph film (Kodak RAR
2495), and phase micrographs were taken of each penetration.
DYE TRANSFER :
￿
Freshly isolated cells and 3-5-day-old confluent primary
endothelial cultures were tested (2, 41) for their ability to transfer the fluorescent
dye, Lucifer Yellow CH (mol wt 457.3; generously supplied byW. Stewart; 47).
Cultures andeffluent cellswere washedtwice with PBS toreduce the background
fluorescence of the medium . Experiments were performed in PBS at room
temperature. Omega Dot glass microelectrodes were filled from tip to shoulder
with Lucifer Yellow (4% in distilled water) and in the barrel with l M LiCl by
the fiber fill method (48) . Iontophoretic injection of the dye was carried out by
rectangular, hyperpolarizing current pulses (5-10x 10-e A, 200ms duration, l/
s) for I-5 min . The injection and spread of dye were monitored by darkfield
fluorescence microscopy (Leitz Labolux II ; BG12/K510). Photographs were
taken on Tri-X film (10 s to I min exposure) for permanent records.
NUCLEOTIDE TRANSFER : Uridine-nucleotide transfer experiments were
conducted using the general techniques of Pitts and Simms (29). For "effluent
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recipientcell" experiments, freshly isolated sheets wereplated outatalowdensity
(102-10' cells/well) on 4-chamberLab-Tek slides (Lab-Tek Products, Naperville,
Ill.), incubated overnight in standard growth medium, and then prelabeled for4-
6 h with 10-15 #Ci/ml of [3H]-5-uridine (New England Nuclear, Boston, Mass .)
in medium. After thorough washing with PBS to remove extracellular label,
recipient effluent cells were added in a 10- to 100-fold excess . After 12-18hof
incubation, the cocultures were washed with PBS, fixed with cold 5% trichloro-
acetic acid, and processed for sutoradiography with NTB-2 nuclear track emul-
sion (Kodak) . After --1 wk at 4°C, the slides were developed in D-19 (Kodak),
fixed, stained with Harris' hematoxyfn, dehydrated, and cover slipped with
Permount (Fisher Scientific Co., Pittsburgh, Pa.).
In addition, uridine-nucleotide transfer experiments were conducted using
confluent monolayers ofprimary endothelial cells (3-5 d in culture) as recipients
and subcultured vascular smooth muscle cells as donors ("trypsinized-donor"
technique) . The endothelial recipients were cultured for 3-5d in 35-mm plastic
culture dishes (Falcon Labware, Oxnard, Calif.) .SMC were loaded with 15 pCi/
ml of ['H]-5-Uridine for 4h . These cells were then thoroughly washed with PBS,
gently dispersed with trypsinEDTA (0.05% trypsin - Gibco Laboratories, 1:250;
0.02% EDTA-Fisher Scientific Co .), counted, and plated on the endothelial
recipient monolayers at ratios of 1:1000 to 1:5000 (donors:recipients) . After 4--6
h of incubation in endothelial growth medium, the cocultures were washed
thoroughly with PBS, fixed, and processed for sutoradiography as above. After
development, the cultures were stained with Safranin0and cover slipped using
glycerin jelly.
In control experiments, mouse L-929 fibroblasts were used as recipient or
donor cells. These cells do not usually form gapjunctions (8) and are a standard
controlfor nonjunctionaltransfer (28) . In addition,BHK-C13 fibroblasts, known
to form gapjunctions and participate in junctional transfer (19, 28), were used as
positive controls .
RESULTS
Morphology
The freshly isolated cells consisted mainly of sheets of up to
several hundred rounded cells (Fig. 1 a) . After 2 h in culture,
FIGURE 1 Cell identification and general morphology . (a) Phase-
contrast micrograph of umbilical vein effluent cells . (b) Phase-
contrast micrograph of confluent aortic endothelial primary culture .
Bars, 50 p,m .FIGURE 2
￿
Thin section of aortic endothelial cells. (a) Cultured cells . Note that the cells are thin, especially away from the nucleus .
Nucleus has uniform chromatin . Interfaces with occasional junctions often involve overlapping of thin processes (arrow) . Bar, 1
Wm . (b) Effluent cells showing peripheral clumping of nuclear chromatin, swollen cristae, and dense matrix in mitochondria,
numerous micropinocytotic vesicles, and groups of intermediate filaments . Each interface (arrow) typically has a junctional
complex. Bar, 1 Am . (c) Intact aortic segments . The upper endothelial layer is separated from underlying smooth muscle cells by
a thin basal lamina and diffuse extracellular material . Arrow indicates interface between adjacent cells . Each interface typically has
a junctional complex . Bar, 1/m . (d- f) Gap junctions between intimal, freshly isolated, and cultured endothelial cells, respectively .
Bars, 0.1 ILm .
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185most of these sheets had settled and attached to the plastic
substrate . Over the next 3- to 5-day culture period, the sheets
expanded by migration and cell division to form a confluent
monolayer with the "cobblestone" pattern (Fig . I b) character-
istic of other endothelial culture systems (4, 11, 13, 37, 39) .
186
In thin section, the cultured aortic (Fig . 2a)and venous (not
shown) cells resembled other endothelial cells in vitro (13, 37)
and, except for shape variations, they were similar to the
corresponding cells in freshly released sheets (Fig . 26) or in
the intact endothelium (Fig. 2c) . Gap junctions were quite
FIGURE 3 Freeze-fracture of aortic endothelial cells . (a) Cultured cells . Gap junctions (large arrow) interconnected by tight
junctions having typical E-face grooves with particles (small arrow) . (b) Freshly isolated cells. Note P-face tight junction ridge
(arrow) that is part of network interconnecting gap junctions . (c and d) Effluent and cultured cells, respectively . Isolated gap
junctions have central decrease in particle density (arrows) . Bars, 0 .1 ILm .
THE JOURNAL OF CELL BIOLOGY " VOLUME 92, 1982common in thin sections of intact vessels (Fig . 2 d) and freshly
isolated cells (Fig. 2 e), and apparently lesscommon in cultures
(Fig . 2f) . Areas resembling tightjunctions were also seen (not
shown), but the orientation of the sections was rarely suitable
for clear identification .
In freeze-fracture, gap junctions between cultured cells (Fig.
3 a, d and Fig. 4 a) and between effluent cells (Fig . 3 b, c and
Fig . 4b) were similar to those between endothelial cells in situ
(Fig. 4c; also 14, 15, 44, 45, 50). In contrast to previous reports,
there was a striking decrease in particle density in the centers
of most gap junctions in effluent cells (Fig . 3a, c), in culture
(Fig. 3 d), and in intact endothelium (not shown) .
Tight junctions were often seen with the gap junctions and
showed the characteristic fracture pattern previously reported
for other endothelia (44, 45, 50) . The E-face grooves were filled
with numerous particles, spaced irregularly, while the P-face
FIGURE 4 Freeze-fracture of umbilical vein endothelial cells . (a) Cultured cells showing less complex arrangement of tight
junctions and gap junctions . The arrow indicates a fine groove alone a P-face ridge . The gap junctions here show a more crystalline
array of particles than usual . Bar, 0.1 ttm . (b) Freshly isolated cells showing extensive network of particle strands (small arrow) and
interconnected gap junctions . Large arrow indicates region of (arrow) associated with gap junction particle aggregates . Bar, 0 .2 ftm .
(c) Intact vessel segment showing P-face particle strands (arrow) and gap junction particle aggregates . Bar, 0.2 ftm .
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3 a, b) . Inmany of the preparations ofeffluent cells and intact
vessel pieces, instead of tight junctions, there were single,
double, or triple strands of particles linking macular gap junc-
tions (Fig . 4b, e) .
In cultures, the gapjunctions were generally smaller and less
complex . A rare example of a gap-tight array is shown in Fig.
3a. More often the gap junctions occurred without associated
tight junctions (Fig. 3 d) or where the tight junction was quite
simple (Fig. 4a) . Tight junctions were also seen without asso-
ciated gapjunctions (not shown) . The relative frequencies with
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Aortic
which the variousjunctional arrangements occurred in freshly
isolated sheets and cultures are tabulated in Table I . The
similarity ofthe aortic and venous cells and the dissimilarity of
effluent cells and cultures are especially striking,
Junctional Transfer
ELECTROTONIC TRANSFER :
￿
Experiments totestforelec-
trotonic transfer were carried out using two electrodes placed
in the monolayer . In a typical experiment, the current electrode
was left in one cell and the voltage recording electrode was
TABLE I
functional Complexity in Freeze-fracture Replicas from Effluent and Cultured Endothelial Cells
Venous
*The faces were classified by the most complex junction seen .
$ Faces having only gap junctions were termed either "simple" if the particle aggregates were isolated from each other and few in number or "complex" if there
were multiple aggregates interconnected by linear particle strands.
§ Faces having only tight junctions were termed either "simple," if there were two or fewer parallel tight junction strands, or "complex," if there were three or
more strands .
11 "Combination" refers to faces with both gapand tight junctions . The gap and tight junctions on each face were classified separately. "Complex" tight junctions
were defined as described above according to the number of strands . "Complex" gap junctions, however, were defined somewhat differently than above and
consisted of multiple particle aggregates intercalated within a tight junction network . In each case, faces with "simple" junctions can be easily derived using
the total number of "combination" faces. For simplicity, the faces with particular combinations of "simple" and/or "complex" junctions are not listed ; generally
faces having complex tight junctions also had complex gap junctions .
FIGURE 5
￿
Electrotonic transfer . (a and b) Phase-contrast micrographs of aortic and umbilical vein cultured cells (4 d) with current
injecting (1) and voltage-recording (1) electrodes. Bar, 50 pin . (c and d) Corresponding oscilloscope tracings ; 1, current injected
into cell 1 (calibration pulse corresponds to a current of 1.01 x 10-9 A x 10 ms); V,, voltage trace from cell 1 (bridge unbalanced)
and V 2 , voltage trace from cell 1 (calibration pulse, 10-Z V x 10 ms).
Effluent
Faces* %Total
Cultured
Faces % Total
Effluent
Faces %Total
Cultured
Faces % Total
Gap only$ 20 45 39 70 30 51 25 60
Simple 10 23 38 68 10 18 22 53
Complex 10 23 1 2 20 33 3 7
Tight only§ 5 11 12 21 1 2 8 19
Simple 4 9 9 16 1 2 3 7
Complex 1 2 3 5 0 0 5 12
Combination1l 19 43 5 9 28 50 9 21
Complex gap 9 20 0 0 14 25 0 0
Complex tight 9 20 1 2 15 27 1 2moved from cell to cell within the monolayer (Fig. 5). In more
than 20 experiments, in which more than 300 cell pairs were
tested, all successful electrode penetrations at interelectrode
distances of 15 to over 300 ,um (1-10 cell diameters) resulted in
demonstrable electrotonic transfer . There was no obvious qual-
itative difference in the capabilities of the aortic and umbilical
vein endothelial cells to engage in electrotonic transfer.
DYE TRANSFER : Iontophoretic injection of the fluores-
cent dye, Lucifer Yellow CH, into a cell in a confluent mono-
layer of primary aortic or venous endothelium resulted in the
rapid appearance of fluorescence in contiguous cells (Fig . 6a) .
In general, dye was usually detectable in adjacent cells within
30 s of the onset of injection . Transfer was commonly detected
out to 3-10 cell diameters with 1-5 min of dye injection.
In comparison, dye injected into cells in unattached sheets
ofeffluent cells (Fig. 6 b) was detected more rapidly in adjacent
cells . Transfer was usually seen within 5-10 s and the extent of
detectable transfer, in terms of cell diameters, was typically
greater than that seen in the cultured cells (cf . Fig . 6a and b) .
Although there was a quantitative difference in the transfer
betweenPEC and cultured cells (see Discussion), there was no
obvious difference between aortic and venous endothelial cells .
NUCLEOTIDE TRANSFER : Further indication that the
aortic and venous cells were capable ofjunctional transfer was
tested by prelabeling cells with [3H]uridine and coculturing
these donor cells with nonprelabeled cells (29) . Once again, we
tested both effluent and cultured cells for their capabilities for
transfer. When freshly isolated cells were used as recipients,
most of the sheets and small clumps acquired significant label
during the 12- to 18-h coculture (shorter times gave similar
FIGURE 6 Dye transfer . Dark-field fluorescence micrographs . (a)
Aortic endothelial primary culture ; dye injected intocell i. ( b) Aortic
effluent cell sheet ; dye injected into cell i . Bars, 50 lam .
results) . Typically, each recipient clump showed relatively uni-
form incorporation, although some clumps were negative, pre-
sumably reflecting a lack of junction formation with donors
during the coculture period (see Fig. 7a) . When primary
cultures 3- to 5-d-old were used as recipients for trypsinized
donors, transfer again was detected in most cases (see Fig . 7 b).
Vascular smooth muscle cells, endothelial cells, and BHK-C13
fibroblasts were competent donors . However, L-929 fibroblasts
rarely engaged in transfer either as donors or as recipients. (In
a few isolated cases, apparent transfer was seen with these cells .
It is not clear whether these cases were artifactual or due to
rare instances ofjunction formation.)
DISCUSSION
Our results demonstrate for the first time that primary cultures
of endothelial cells from bovine aortae and umbilical veins
have both gap and tight junctions and have the capacity to
exchange small ions, tracer dyes, and nucleotides . The quali-
tative similarity in the structure and transfer capability of the
FIGURE 7
￿
Nucleotide transfer autoradiographs . Bright-field micro-
graphs. (a) "Effluent recipient cell" technique . D, donor endothelial
cells; R,_3, recipient endothelial islands . The density of autoradi-
ographic grains over cells in R, and RZ is fairly heavy, indicating that
transfer occurred . The uniformity of the grain density shows that
any nucleotides transferred into the recipient islands rapidly equil-
ibrated throughout all the cells, suggesting that the formation of
junctions between donors and recipients was the rate-limiting step
in transfer. The grain density over cells in R3 does not exceed
background levels for this experiment, indicating no transfer and
arguing against exchange via extracellular space . (b) "Trypsinized
donor" technique . D, donor SMC; R, recipient endothelial mono-
layer ; arrows, nucleolar labeling in endothelial recipients. Bars, 50
lam .
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189gap junctions' in vitro and in freshly isolated sheets of cells
further supports the useofsuch cultures as models for studying
the biology ofthe vascular endothelium.
Although thegeneral structure and distribution ofjunctions
in our preparations were similar to those reported forendothe-
lial cells in vivo (14, 15, 38, 44, 45, 50), two peculiarities were
noted. The first was the reduction in particle density in the
center of most of the gap junctions seen in freeze-fracture
replicas. This morphology hasnotbeen reported forendothelial
cells fixed in vivo. Because the state of particle aggregation
may influencejunctional permeability (27),it will be important
to determinewhetherthe normal state ofthese particles is more
aggregated or dispersed, using, for example, rapid freezing
techniques (31).
The second peculiarity was seen primarily in freeze-fracture
replicas of effluent cells and of intact endothelium where the
maculargapjunctionswere oftenlinked by networks ofparticle
bands, 1-3 particleswide. The rarity oftightjunctions in these
assemblages distinguishes them from the special endothelial
junctions described by Simionescu et al. (45). They may be
complex gap junctions, like those seen in differentiating lens
fibers (1), or they may represent formation or degradation of
tightjunctionsencircling andlinkingthegapjunctions. Similar
networks of particles are seen during tight junction develop-
ment in the liver (26) and in hepatoma cultures (30),
Theextent andfrequency of gapjunctions andthe complex-
ity of tight junctions is reportedly different in aortae and
certain veins (45). The differences in gap junctions could be
reflected in the capabilities of the two endothelial populations
to carryoutjunctional communication. Inourstudies, however,
there was little difference in the structure of aortic and umbil-
ical vein junctions, either in freshly isolated sheets or in short-
term primary culture. Furthermore, both cell types were well
coupled electrically in culture (see also reference 49) and were
capable of dye and nucleotide transfer in cultures and in
effluent preparations. Thus, we observed neither a structural
nor physiological basis for a difference in junctional commu-
nication in aortic and umbilicalvein endothelium.
We did find some differences between the junctions in
effluent cells and in the corresponding cultured cells of either
type. Themost obvious differences were structural. Theextent
and complexity of the gap and tight junctions in the cultures
were notably reduced in comparison with the freshly isolated
cells (Table I). Two factors are likely to have contributed to
this reduction. Once the effluent cells adhered, they flattened
andspread. Preexistingjunctionsmightwell have been reduced
in size and complexity during cell spreading. In addition, new
junctions were formed as the spreading cells from one clump
made contact with those of the next clump and, probably, as
the cells divided. Conceivably, the newly formed junctions
were simpler than those in the effluent sheets. It may be that
the few complex and extensive junctions detected in cultures
were retained from the effluent stage, while the remaining
junctions were newly constructed. We have not examined
subcultured cells, but, according to onereport (40), endothelial
cells from the rabbit superior vena cava have small gap junc-
tions and no tightjunctions aftermultiple subculturing.
Whatever the source, the decrease in junctional complexity
may have contributed to the apparent reductionin dye transfer
in culture. However, the decrease in transfer was small and
' The gapjunctions are themost likely sites of transfer although some
contribution by endothelial tightjunctions (43) or cytoplasmic bridges
cannot be ruled out.
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probably was influenced by the decreased size and increased
thicknessofthe effluent cells. (A more quantitative analysis of
transfer by densitometry of photographic negatives corrected
for cell and nuclear thickness suggests a small but definite
junction effect; in preparation). Whether a small reduction in
transfer could have any physiological effect remains unclear.
Because the transfer ofdyeandlabeled metabolites is readily
detectable between effluent cells, it is likely that cells in the
intact intima are capable of similar or even more extensive
transfer. (This possibility has been confirmed in dye experi-
ments on vessels in bovine chorion and rat omentum; 43). The
physiological roles for such transfer are not known, but the
numerous possibilities include the homeostatic regulation of
concentrations of ions, intermediary metabolites, and regula-
tory molecules throughout the tissue. Junctional transfer could
also mediate cooperative responses of the intimal cells to
normal or pathological external stimuli and contribute to
growth regulation and the maintenance of amonolayer topol-
ogy (21, 22, 42). The concept of the intima as a functional
syncytium rather than a collection of individual cells could be
important in understanding the physiology and pathology of
this tissue.
In addition, our experimental observations of nucleotide
transfer between cultured endothelial and vascular smooth
muscle cellsand the descriptions ofendothelial-smooth muscle
junctions in situ (12, 17, 32-35) are consistent with Rhodin's
suggestion (32) that physiologicallysignificant signals might be
transferred betweenthesetwo cell types in vivo. As an example,
endothelial cells, in vivo and in vitro, have been shown to
respond to a variety of vasoactive substances, via membrane
receptors, with changes in the intracellular concentrations of
ions and small molecules (5, 6, 7). Such responses could be
transferred to smooth muscle cells and thereby affect vessel
tonus. This possibility is further supported by the work of
Bevan andDuckles(3)whodemonstrated contraction of aortic
strips with the application of norepinephrine-derivatized glass
beads to the intimal surface. The particularly intriguing possi-
bility of direct endothelial-smooth muscle transfer is being
investigated further.
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